Huntington's disease (HD) is caused by a mutation in the huntingtin (htt) gene encoding an expansion of glutamine repeats at the N terminus of the Htt protein. Proteolysis of Htt has been identified as a critical pathological event in HD models. In particular, it has been postulated that proteolysis of Htt at the putative caspase-6 cleavage site (at amino acid Asp-586) plays a critical role in disease progression and pathogenesis. However, whether caspase-6 is indeed the essential enzyme that cleaves Htt at this site in vivo has not been determined. To evaluate, we crossed the BACHD mouse model with a caspase-6 knock-out mouse (Casp6 Ϫ/Ϫ ). Western blot and immunocytochemistry confirmed the lack of caspase-6 protein in Casp6 Ϫ/Ϫ mice, regardless of HD genotype. We predicted the Casp6 Ϫ/Ϫ mouse would have reduced levels of caspase-6 Htt fragments and increased levels of full-length Htt protein. In contrast, we found a significant reduction of full-length mutant Htt (mHtt) and fragments in the striatum of BACHD Casp6 Ϫ/Ϫ mice. Importantly, we detected the presence of Htt fragments consistent with cleavage at amino acid Asp-586 of Htt in the BACHD Casp6 Ϫ/Ϫ mouse, indicating that caspase-6 activity cannot fully account for the generation of the Htt 586 fragment in vivo. Our data are not consistent with the hypothesis that caspase-6 activity is critical in generating a potentially toxic 586 aa Htt fragment in vivo. However, our studies do suggest a role for caspase-6 activity in clearance pathways for mHtt protein.
Introduction
Huntington's disease (HD) is a dominantly inherited neurodegenerative disorder characterized by progressive decline of cognitive and motor function due to loss of striatal and cortical neurons. HD is caused by a mutation in the huntingtin (Htt) gene encoding a glutamine repeat (CAG expansion) at the N terminus of Htt (Huntington's Disease Collaborative Research Group, 1993) . A neuropathological hallmark of HD is the accumulation of N-terminal Htt fragments, suggesting that Htt proteolysis may be a critical event in pathogenesis (Goldberg et al., 1996; Davies et al., 1997; DiFiglia et al., 1997; Martindale et al., 1998; Gutekunst et al., 1999; Gafni and Ellerby, 2002; .
Htt is cleaved by multiple proteases, including aspartyl proteases, calpains, ␥-secretase, and caspases (Goldberg et al., 1996; Wellington et al., 1998; Gafni and Ellerby, 2002; Lunkes et al., 2002; Gafni et al., 2004; Kegel et al., 2010) . Indeed Htt was the first neuronal protein identified as a caspase substrate (Goldberg et al., 1996) , and studies have defined the Htt cleavage sites for caspase-3 at amino acids Asp-513 and Asp-552, for caspase-2 at amino acid Asp-552, and for caspase-6 at the IVLD amino acid Asp-586 site (Wellington et al., , 2000 Hermel et al., 2004) . Caspase-6 binds to Htt, and dominant-negative caspase-6 blocks HD striatal neuronal degeneration . Furthermore, the processed form of caspase-6 can be found activated in mouse and human HD striatum Graham et al., 2010) . Proteolytic cleavage of Htt at the caspase-6 site at amino acid Asp-586 may be an important event in the pathogenesis of HD (Graham et al., 2006) . Interestingly, in a YAC128 mouse model of HD, mutation of the potential caspase-6 cleavage site at Asp-586 (YAC128 C6R; note also mutated Asp-589 site) in mHtt did not recapitulate behavioral phenotypes or a number of key pathological changes apparent in YAC128 mice that do not carry that mutation (Graham et al., 2006) . However, it is not clear whether these differences in YAC128 C6R transgenic mice are due to the ablation of the caspase-6 cleavage site, altered expression levels, or to structural changes within Htt caused by the mutations at Asp-586 and Asp-589. Furthermore, it remains to be tested whether caspase-6 is the protease responsible for cleavage of Htt at Asp-586 and whether it is required for disease progression in vivo.
Caspase-6 activation has been implicated in other neurological conditions and diseases; it is activated early in sporadic and familial forms of Alzheimer's disease (AD) with active caspase-6 localized to neuropil threads, neuritic plaques, and neurofibrillary tangles (Guo et al., 2004; Albrecht et al., 2009 ). Caspase-6 activation in AD models leads to neuritic beading, axonal degeneration, and eventually cell death, which can be prevented by incubation with caspase-6 inhibitors or dominant-negative caspase-6 (Nikolaev et al., 2009; Sivananthan et al., 2010) . Active caspase-6 and caspase-6-cleaved tau have also been observed in noncognitively impaired aged individuals that have the lowest cognitive scores, suggesting that caspase-6 activation may be an early step in cognitive decline (Albrecht et al., 2007) .
Since caspase-6 activation has been identified in a number of neurological conditions and may play an important role in HD pathogenesis, we crossed the well characterized BACHD mouse model (Gray et al., 2008; Menalled et al., 2009 ) with a caspase-6 knock-out mouse (Casp6 Ϫ/Ϫ ) to test whether caspase-6 deficiency would prohibit production of the putative caspase-6-derived amino acid 586 Htt fragment and lead to altered levels of full-length mutant or wild-type Htt. In addition, limited measures were followed to track the effects of caspase-6 knock-out on behavior and histopathology in the BACHD mouse. We found that, counter to expectations, the amino acid 586 Htt fragment remained abundant in the BACHD Casp6 Ϫ/Ϫ mice, and, moreover, the amount of full-length mHtt was markedly decreased. We report preliminary findings that suggest clearance pathways in the BACHD Casp6 Ϫ/Ϫ mouse brain may be invoked to clear full-length mHtt, including activation of other proteases, macroautophagy, a lysosomal quality control pathway, or other ubiquitin-mediated protein degradation pathways.
Materials and Methods

Caspase-6 knock-out mouse
Knock-outs of the mouse caspase-6 gene were made at Taconic/Xenogen in C57BL/6 mice using homologous recombination in mouse embryonic stem cells and subsequent blastocyst injection of the appropriate targeted ES cells to create the gene targeted mice. The RP23-35M15 BAC clone was used to generate the homology arms and the conditional knock-out region for the gene targeting vector, as well as the Southern probes to screen for targeted events. All recombinant plasmids were confirmed by restriction digestion and end-sequencing, and all exons were sequence confirmed. The final vector was obtained by standard molecular cloning. Thirty micrograms of the NotI-linearized final KO vector DNA was electroporated into ϳ10 7 C57BL/6 ES cells. The cells were selected with 200 g/ml G418 and 192 ES clones were picked for screening. Based on this Southern analysis using the 5Ј, 3Ј, and neo probes, four clones were confirmed to be correctly targeted and to have a single neo insertion. Clones were injected to produce 30 male chimeras, which were bred with wild-type females to generate heterozygotes. Initial characterization of the Casp6 Ϫ/Ϫ mice is reported (Uribe et al., 2012) .
Transgenic mouse model expressing Htt145Q(1-586)
The RMCE ES cell line [derived from mouse strain C57BL/6-Gt(ROSA)26Sor tm596Arte] was grown on a mitotically inactivated feeder layer comprised of mouse embryonic fibroblasts in DMEM highglucose medium containing 20% FBS (PAN) and 1200 U/ml leukemia inhibitory factor (Millipore; ESG 1107). For manipulation, 2 ϫ 10 5 ES cells were plated on 3.5 cm dishes in 2 ml of medium. For transfection, 3 l of Fugene6 Reagent (Roche; catalog #1 814 443) was mixed with 100 l of serum-free medium (OptiMEM I with Glutamax I; Invitrogen; catalog #51985-035) and incubated for 5 min at room temperature (RT). One hundred microliters of the Fugene/OptiMEM solution was added to the DNA mixture containing 2 g of circular vector and 2 g of CAGGS-Flp plasmid. This transfection complex was incubated for 20 min at RT and then added dropwise to the cells. From day 2 onward, the medium was replaced daily with medium containing 250 g/ml G418 (Geneticin; Invitrogen; catalog #10131-019). Seven days later, single clones were isolated, expanded, and analyzed by Southern blotting according to standard procedures. After administration of hormones, superovulated BALB/c females were mated with BALB/c males. Blastocysts were isolated from the uterus at day post-coitum 3.5. For microinjection, blastocysts were placed in a drop of DMEM with 15% FCS under mineral oil. A flat tip, piezo actuated microinjection pipette with an internal diameter of 12-15 m was used to inject 10 -15 targeted C57BL/6 N.tac ES cells into each blastocyst. After recovery, eight injected blastocysts were transferred to each uterine horn of 2.5 d post-coitum, pseudopregnant NMRI females. Chimerism was measured in chimeras (G 0 ) by coat color contribution of ES cells to the BALB/c host (black/white). Highly chimeric mice were bred to strain C57BL/6 females. The C57BL/6 mating partners were nonmutant or mutant for the presence of a recombinase gene. Germline transmission was identified by the presence of black, strain C57BL/6, offspring (G 1 ).
Hdh knockdown mice
Three-month-old Hdh KD mice (inducible knockdown of mouse Htt with shRNA) were fed 3000 ppm doxycycline pellets for 4 weeks and then killed. Samples were analyzed for Western analysis as described below.
Mouse development and behavioral evaluation
Subjects. Experimental female mice used in this study were bred at Taconic by crossing BACHD mutant female mice (FVB/N) (Gray et al., Figure 1 . Cleaved caspase-6 is increased in BACHD mice. A, Immunohistochemistry of cleaved caspase-6 in 9-month-old WT and BACHD striatum and cortex. Tissue is counterstained with hematoxylin. B, Western blot of cleaved caspase-6 levels in 9-month-old WT and BACHD striatum (left panel). Densitometry of cleaved caspase-6 normalized to GAPDH (right panel; n ϭ 3; t test, ***p Ͻ 0.001). Error bars indicate SD.
2008) with male caspase-6 knock-out mice (C57BL/6) generated by Taconic/Xenogen. Mice arrived at PsychoGenics around 11-14 weeks of age. Mice were handled on 2 consecutive days (1 min each day), and then tail tattooed and chipped (Datamars) for identification purposes. Mice were housed in Optimice cages containing wood shavings, play tunnels, shredded paper, and plastic bones. Mice had ad libitum access to water and unaltered Purina 5001 food diet pellets. On the day of the experiment, mice were allowed to acclimate to the testing room for at least 1 h before the beginning of the experiment. Mice were transported from the colony room to the experimental room in their home cages. Rotarod. Mice were tested over 3 consecutive days. Each daily session included a training trial of 5 min at 4 rpm on the rotarod apparatus. One hour later, the animals were tested for three consecutive accelerating trials of 5 min with the speed changing from 0 to 40 rpm over 300 s and an intertrial interval of at least 30 min. The latency to fall from the rod on each of the three testing trials was recorded. Mice remaining on the rod for Ͼ300 s were removed, and their time was scored as 300 s. Animals were evaluated at 16, 20, 24, 37, and 51 weeks of age.
Open field. Activity chambers (MED Associates; 27 ϫ 27 ϫ 20.3 cm) were equipped with infrared beams. Mice were placed in the center of the chamber, and their behavior was recorded for 30 min. Quantitative analysis was performed on the following five dependent measures: total locomotion, locomotion in the center of the open field, rearing rate in the center, total rearing frequency, and velocity. Animals were evaluated at 16, 20, 24, 37, and 51 weeks of age.
Data analysis of weight and behavior. An ␣ level of 0.05 was selected for all inferential statistics. The repeated-measures analysis (age as dependent factor) was performed with SAS (SAS Institute, Inc.) using mixedeffect models. This approach is based on likelihood estimation, which is more robust to missing values than moment estimation. The models were fitted using the procedure PROC MIXED (Singer, 1998 Ϫ/Ϫ mice. Mice were perfused transcardially with heparinized 0.9% saline followed by 4% PFA. Brains were removed from the skull and left in 4% PFA until measured by MRI. Before imaging, the brains were rinsed with saline and embedded in perfluoropolyether (Fomblin). T2-weighted MRI was performed using a horizontal 7 T magnet with inner bore diameter of 160 mm (Magnex Scientific Ltd.) equipped with actively shielded Magnex gradient set (maximum gradient strength, 400 mT/m) interfaced to a Varian DirectDrive console (Varian). Linear RF volume-coil was used for transmission and surface phased array coil for receiving (Rapid Biomedical). For determination of ex vivo total brain, striatal, and cortical volumes, T2-weighted continuous multislice images covering the whole brain were acquired using fast spin-echo sequence with the following: TR, 4500 ms; echo train length, 4; effective TE, 37.7 ms; matrix size, 512 ϫ 256 (zeropadded to 512 ϫ 512); FOV, 30*30 mm 2 ; slice thickness, 0.6 mm; number of slices, 21 and four averages. The acquired coronal images were analyzed for total brain, striatal, and cortical volumes using in-house written analysis program run under MATLAB (Mathworks) environment. All values are presented as mean Ϯ SEM, and differences are considered to be statistically significant at the p Ͻ 0.05 level. Statistical analysis was performed using StatsDirect statistical software (StatsDirect). Values of p were not corrected for multiple comparison.
Biochemical analysis
Huntingtin neoepitope antibody production. Antibodies specific for the C-terminal ends of Htt caspase cleavage product ending at amino acid 586 was prepared using the immunizing peptide KLH-CPSDSSEIVLD. Peptide sequences were injected into rabbits, antibody was purified to the injected peptide, and a bridging peptide was used to remove antibodies reacting to full-length Htt (Open Biosystems). Antibodies were affinity purified as previously described with minor modifications (Gervais et al., 1999; Wellington et al., 2002; Leyva et al., 2010) .
Western blot analysis. One-half of the cortex and striatum from 13-and 15-month-old animals were lysed in Tissue Protein Extraction Reagent (TPER) (Thermo Fisher Scientific) with protease inhibitors (Complete Mini; Roche Applied Science) and 1 M epoxymycin at 10 ml/g. In some , and fodrin 1622 (1:500; Millipore). Immunoblots were developed with a peroxidase-conjugated secondary antibody and enhanced chemiluminescence. For positive controls, lysates were treated with caspase-6 (400 U; Enzo) for 2 h at 37°C. It should be noted that, while both LC3 antibodies were made against the LC3B isoform, there is no evidence they are specific for this LC3 subtype (Zois et al., 2011) . Densitometry was performed using ImageQuant TL, version 2005, software. Statistics was performed using GraphPad Prism, version 4.0c. For ANOVA, Tukey's multiple-comparison post hoc test was used. Formic acid pellet extraction. Pellets from lysing protocol were incubated with 1 ml of 70% formic acid for 1 h with shaking and then spun at 14,000 ϫ g for 20 min. A volume of 750 l of supernatant was transferred to a new tube and formic acid was evaporated in a vacuum dryer. Remaining solid was resuspended in 50 l of resuspension buffer [1ϫ Nu-PAGE LDS buffer (Invitrogen), 2% SDS, 5 M DTT], boiled for 10 min, sonicated for 5 min, and reboiled for 10 min. A volume of 20 l was spun down at 16,100 ϫ g for 30 min, and 15 l was loaded on a polyacrylamide gel. Proteins were transferred to 0.45 m nitrocellulose membrane (Whatman), and blots were probed as specified above (see Western blot analysis).
Immunohistochemistry. Formalin-fixed female and male WT, BACHD, and BACHD Casp6 Ϫ/Ϫ mice were paraffin-embedded, sectioned, and deparaffinized with xylene. For cleaved caspase-6, neoHtt586, and ubiquitin immunohistochemistry, antigen retrieval was performed by microwaving sections in 10 mM citrate buffer, pH 6.0, for 2 min at maximum power and then 20% power for an additional 5 min (cleaved caspase-6, neoHtt586) or 5 min at 40% power (ubiquitin) . Sections were incubated overnight at 4°C with polyclonal cleaved caspase-6 antibody 9761 (1:100; Cell Signaling) and polyclonal ubiquitin antibody 1690 (1:1000; Millipore) and with polyclonal neoHtt586 antibody (2.5 g/ml; CHDI) for 3 h at 37°C. Biotinylated anti-rabbit IgG secondary antibody (6 g/ml; Vector) was incubated 1 h at RT followed by signal amplification with avidin/biotin (Vectastain Elite ABC Reagent; Vector) and diaminobenzedine (DAB Peroxidase Substrate Kit; Vector) visualization. Mayer's hematoxylin (American MasterTech) was used as a counterstain.
For LC3 immunohistochemistry, a variation of the procedure used by Osmond et al. (2006) was performed. Briefly, following deparaffinization and rehydration, samples were formic acid treated twice for 10 min each time and then incubated in 1% sodium borohydride for 20 min. Tissue was permeabilized with 0.4% Triton X-100 and then polyclonal LC3 (PM036 antibody; 1:10,000; MBL) was applied overnight at 4°C. Biotinylated anti-rabbit IgG (6 g/ml; Vector) was incubated for 1.5 h at RT followed by avidin-biotin (1:400; Vectastain Elite ABC Kit; Vector) application for 1 h at RT. Amplification of signal was performed by incubating in biotinylated tyramine for 10 min followed by repeating avidinbiotin incubation. Sections were developed with diaminobenzedine and counterstained with hematoxylin as described above.
For ubiquitin/Htt double immunofluorescence, antigen retrieval was performed in 10 mM citrate buffer by microwaving for 5 min at 40% power. Chicken anti-mouse IgG (2 g/ml; Aves Labs) was added to block buffer, and slides were incubated with polyclonal ubiquitin 1690 (1:100; Millipore) and monoclonal Htt 2166 (1:200; Millipore) overnight at 4°C. For p62/acetyl-Htt-Lys-444 double immunofluorescence, antigen retrieval was performed in 10 mM citrate buffer by microwaving for 10 min at 40% power and then sequentially incubated with polyclonal p62 (1: 100; Progen) and polyclonal acetyl-Htt-Lys-444 (1:50; Open Biosystems) for 3 h at RT. After primary antibody incubation, secondary antibodies Alexa Fluor 488 or 555 goat anti-rabbit IgG, Alexa Fluor 555 goat antiguinea pig IgG, and/or Alexa Fluor 488 goat anti-mouse IgG (1:500; Invitrogen) were incubated for 1 h at RT followed by coverslipping with Prolong Gold containing DAPI (Invitrogen). The custom Htt acetylation antibody (acetyl-Htt-Lys-444; Open Biosystems) was produced by injecting synthesized peptide corresponding to Htt acetylated at lysine 444 into rabbits. At day 58, bleeds were collected and serum was separated from plasma and tested for signal by Western blot analysis. Those with positive results were purified by affinity binding and stored for use (Cong et al., 2011) .
For polyclonal aggregate antibody S830 single labeling (7.0 g/ml; gift from A. Osmond, University of Tennessee Graduate School of Medicine Research Center, Knoxville, TN, and G. Bates, King's College London, UK), antigen retrieval was performed by microwaving four times for 5
Figure 4. Aggregate formation is reduced in BACHD Casp6
Ϫ/Ϫ striatum and cortex. A, Immunofluorescence of 13-month-old cortex and striatum using the S830 Htt aggregate antibody counterstained with DAPI. B, Quantification of aggregates shows a dramatic decrease in number in BACHD Casp6 Ϫ/Ϫ (n ϭ 3-6; ANOVA, *p Ͻ 0.05). Error bars indicate SD.
min each time at 40% power in 10 mM citrate buffer and then treating with Proteinase K (20 g/ml; Eastman Kodak Scientific) for 10 min at 37°C. Duplicate photos were taken from the same area of cortex and striatum at identical magnification and exposure settings. Aggregates and DAPI-stained nuclei were quantified using Imaris X64 7.3.0 software. Aggregate number was normalized to the number of DAPI-stained nuclei in the field. Primary cultures and immunocytochemistry. E17-E18 embryos were obtained from timed pregnant C57BL/6 and Casp6 Ϫ/Ϫ mice. Briefly, striatal tissue was dissociated with scalpels, trypsinized for 5-8 min (0.25% Trypsin/EDTA; Cellgro), and triturated with a pipette 15-20 times. After centrifugation and rinsing with fresh 20% FBS in DMEM (Cellgro), cells were resuspended in Neurobasal complete media [Neurobasal A media, 1 mM Glutamax, 2% B27, and 1% penicillin/streptomycin (Invitrogen)] and filtered through a 70 m nylon strainer. Cells were plated on eight-chamber, poly-D-lysine-coated slides (BD Biosciences) at 400,000 cells/chamber in Neurobasal complete media supplemented with 1% FBS. After 72 h, cells were fixed with 4% paraformaldehyde in PBS for 20 min and permeabilized in 0.1-0.5% Triton in TBS for 15 min RT. Cells were incubated in polyclonal cleaved caspase-6 9761 (1:50; Cell Signaling) and monoclonal MAP2 M4403 (1:500; Sigma-Aldrich) overnight at 4°C. Fluorescent secondary antibodies Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 555 goat anti-mouse IgG (1:500; Invitrogen) were incubated for 1 h at RT and slides were coverslipped with Prolong Gold containing DAPI (Invitrogen).
Quantitative RT-PCR for Htt and caspase-6 cDNAs. Total RNA from 12-month-old C57BL/6 and Casp6 Ϫ/Ϫ striatum was extracted using the miRNeasy Mini Kit (QIAGEN) and homogenized by triturating with a 27.5 gauge needle. cDNAs were made from 1.0 g of RNA samples using Message Sensor RT kit (Ambion), and then 75 ng of each cDNA was preamplified for 14 cycles using the Applied Biosystems TaqMan PreAmp master mix and protocol to generate PCR templates. Forward and reverse primers for the three genes of interest (Htt, caspase-6, and ␤-actin) were designed using the Roche Universal Probe Library Assay Design Center and ordered from Operon and Sigma-Aldrich. For Htt, nucleotides 4944 -5004, 9301-9367, and 4822-4890 were amplified. For caspase-6, nucleotides 33-133, 150 -262, and 264 -373 were amplified, and results were averaged. The real-time quantitative PCR was performed with SYBR Green (Applied Biosystems) on a Light Cycler 480 (Roche) according to the manufacturer's instructions.
Results
Caspase-6 is activated in BACHD mouse brains Caspase-6 is activated during aging and in postmortem HD and AD brain Graham et al., 2006; Albrecht et al., 2007) . Furthermore, characterization of the YAC128 mouse model of HD shows an agedependent increase in caspase-6 activation (Graham et al., 2010) . To confirm that caspase-6 is activated in BACHD mice, sections of WT and BACHD were immunostained with an antibody that detects active mouse caspase-6 at 9 months of age (n ϭ 3). As predicted, WT mice at this age had detectable active caspase-6 in the striatal medium-spiny and cortical neurons by 9 months (Fig. 1 A) . The staining was dendritic and nuclear in localization. Consistent with previous work (Graham et al., 2010) , the BACHD mouse displayed an increase in activation of caspase-6 when compared with WT mice both in the striatum and cortex (Fig. 1 A) . This was also confirmed by Western blot analysis of these mice at 9 months of age with a 2.5-fold increase in active caspase-6 in the striatum (Fig. 1 B) .
Caspase-6 knock-out abolishes the expression of caspase-6
To evaluate the role of caspase-6 in HD, we generated caspase-6 knock-out mice using homologous recombination at Taconic/ Xenogen. A BAC clone was used for generating the homology arm and targeting vector. The targeting vector ( Fig. 2A) was electroporated into C57BL/6 ES cells, and Southern analysis identified several clones used for microinjection to generate caspase-6 knock-out mice. The Casp6 Ϫ/Ϫ mice were viable, bred well, and had no obvious phenotype. To determine whether caspase-6 levels were eliminated in the caspase-6 knock-out mice, we performed Western blot analysis (Fig. 2B ) and evaluated active caspase-6 immunoreactivity in primary striatal neurons derived from WT and Casp6 Ϫ/Ϫ mice (Fig.  2C) . Western blotting and immunocytochemistry demonstrated the elimination of procaspase-6 and active caspase-6, respectively. NeoHtt586 antibody is specific for the caspase-6 cleaved product of Htt. A, Lysates from 293T cells overexpressing full-length Htt 23Q treated with caspase-2, caspase-3, caspase-6, and caspase-7, and Htt23Q(1-513), Htt23Q(1-536), Htt23Q(1-552), and Htt23Q(1-586) were used to verify neoHtt586 specificity. Western blots were probed with an N-terminal Htt antibody (left panel) and a neoHtt586 antibody (right panel). B, Western blot of cortical lysates from WT mice and mice expressing expanded Htt constructs with 171, 469, 536, 552, and 586 aa probed with noeHtt586 antibody (left panel). NeoHtt586 immunohistochemistry of WT and D586 cortex (right panel). C, Cortical and striatal lysates from Htt knockdown mice with and without doxycyclin treatment analyzed by Western blot. Control cortical lysates were treated with recombinant caspase-6 as a positive control (ϩC6). Samples were probed with a Htt antibody (left panel) and an antibody that specifically interacts with the caspase-6 produced Htt fragment (neoHtt586) (right panel). Fodrin was used as a loading control. Ϫ/Ϫ at 13 months of age demonstrates the elimination of the inactive p32 proform of caspase-6 in both the striatum and cortex of BACHD Casp6 Ϫ/Ϫ mice (Fig. 2 D, E) . Furthermore, we observed a decrease in the proform of caspase-6 when comparing WT with BACHD mice in both the striatum and cortex (Fig.  2 D, E) consistent with the activation of this enzyme in HD mouse models. As expected, cleavage of the caspase-6 substrate, lamin C, is eliminated in the BACHD Casp6 Ϫ/Ϫ mice, suggesting a functional knock-out of caspase-6 (Fig.  2 D) .
Having established that the Casp6
BACHD caspase-6 knock-out has reduced Htt levels in the striatum
Given that Htt is predicted to be a substrate of caspase-6, we examined whether the proteolysis of Htt was altered in the absence of caspase-6 both in the striatum ( . We predicted that blocking caspase-6 cleavage would reduce the level of fragmentation of Htt and preserve full-length Htt protein. As shown in Figure 3A , we found the levels of full-length Htt reduced in the BACHD Casp6 Ϫ/Ϫ striatum when compared with BACHD mice. Furthermore, there was a twofold decrease in the level of poly(Q) expanded Htt fragments in the BACHD Casp6 Ϫ/Ϫ when compared with BACHD mice (Fig. 3B) as detected by the 1C2 antibody. The change in levels of full-length Htt can be largely attributed to a decrease in the level of poly(Q)-expanded Htt as shown in Figure 3C . Indeed, the levels of Htt with 97 glutamine repeats was reduced fourfold in the BACHD Casp6 Ϫ/Ϫ when compared with BACHD mice (Fig. 3C) . The wild-type levels of full-length Htt appear reduced as well, but the change in expression between BACHD and BACHD Casp6 Ϫ/Ϫ did not reach statistical significance (Fig. 3C) . When expanded full-length Htt levels were quantified relative to wild type, we observed a twofold decrease in the mutant/normal Htt ratio in BACHD Casp6 Ϫ/Ϫ relative to BACHD mice (data not shown) (n ϭ 3; t test, **p Ͻ 0.01). We also evaluated the proteolysis of Htt in the cortex and found similar but less robust changes in the level of expression of Htt in BACHD Casp6 Ϫ/Ϫ when compared with BACHD mice (data not shown). In the cortex, we also observed a significant 1.5-fold decrease in expanded full-length Htt levels relative to wild-type levels in the BACHD Casp6 Ϫ/Ϫ (data not shown) (n ϭ 3; t ϭ test, *p Ͻ 0.05). A relatively trivial explanation for the changes in protein levels could be that the knock-out of caspase-6 altered the levels of htt mRNA. However, as shown in Figure 3D , the levels of mRNA for htt were not altered in the Casp6 Ϫ/Ϫ mice when compared with WT. As a control, the levels of mRNA for caspase-6 were measured and as expected are absent in the Casp6 Ϫ/Ϫ mice (Fig.  3D) .
Huntingtin aggregates are reduced in BACHD caspase-6 knock-out mice Htt aggregates are associated with disease pathology in both human HD patients and HD animal models (Lee and Kim, 2006; Hoffner et al., 2007) . While some studies identify Htt aggregates as toxic, others suggest that they are protective in nature (Hodgson et al., 1999; Sánchez et al., 2003; Zhang et al., 2008; Richards et al., 2011) . We were interested in determining levels of Htt aggregates in BACHD Casp6 Ϫ/Ϫ mice, relative to BACHD mice, not only because of their relationship to disease progression, but also to determine whether the decrease in soluble full-length Htt in BACHD Casp6 Ϫ/Ϫ mice is due to relocalization of Htt to inclusion bodies. Thus, we performed immunohistochemistry using a specific antibody that detects aggregated Htt, S830 (Steffan et al., 2000) . We found Htt aggregates were dramatically decreased in the striatum and cortex of BACHD Casp6 Ϫ/Ϫ mice relative to BACHD mice, with a fourfold decrease in the striatum and an eightfold decrease in the cortex (Fig. 4 A, B) . Virtually no staining was observed in WT mice showing the specificity of the antibody (Fig. 4 A, B) .
BACHD caspase-6 knock-out mice do not show a reduction in the proteolysis of Htt at amino acid 586
Next, we evaluated whether caspase-6 is the protease solely responsible for the cleavage of Htt at amino acid 586. We found that there was no change in the cleavage products for both wild-type and mutant Htt in WT, BACHD, and BACHD Casp6 Ϫ/Ϫ cortex and striatum that migrated at a molecular weight similar in size to the amino acid 586 Htt cleavage product (see Fig. 6 A-C) .
To detect the amino acid 586 Htt cleavage products, we generated a series of neoepitope rabbit antibodies to the site; the polyclonal serum only detects the amino acid 586 Htt cleavage product and not others (Fig. 5 A, B) . The purified polyclonal neoHtt antibody appears to be selective to cleaved Htt since in a HD transgenic mouse overexpressing the Htt586 fragment, the immunoreactivity is greatly increased relative to WT, and in an inducible Htt RNAi knockdown model (SFN2009) (Menalled et al., 2009) , the signal decreases with the reduction of mouse Htt (Fig. 5 B, C) . When we evaluated these antibodies using the soluble lysates described in Figure 6 A-C, we were not able to detect Htt immunoreactive to neoHtt586 in older animals. However, when we formic acid extracted proteins from the pellets, we were able to detect both wild-type and expanded Htt reactive to the neoHtt586 antibody (Fig. 6 D, E) , suggesting that the product is insoluble. The cleavage product was not reduced in the BACHD Casp6 Ϫ/Ϫ striatum, suggesting it is possible another protease cleaves Htt at this site. In addition, performance of caspase activity assays on striatal tissue and cultures using the caspase-6 substrate, VEID, showed an increase in VEIDase activity in Casp6 Ϫ/Ϫ lysates, again suggesting another protease may be involved in Htt586 production (data not shown). It should be noted that VEID is also a caspase-3 substrate, which may be a reason for the increase in VEIDase activity observed (McStay et al., 2008) .
To further characterize whether Htt is cleaved at amino acid 586 in vivo, we performed immunohistochemistry of WT, BACHD, and BACHD Casp6 Ϫ/Ϫ in cortex and striatum using neoHtt586. We found increased immunoreactivity of neoHtt586 in the BACHD compared with WT (n ϭ 3; Fig. 6 F) . We detected decreased immunoreactivity of neoHtt586 in the BACHD Casp6 Ϫ/Ϫ mouse brain, which may be related to the clearance of Htt described above.
Characterization of behavioral phenotype of BACHD caspase-6 knock-out Behavioral evaluation and general health
Systematic behavioral analysis has previously been used to phenotype numerous mouse models of HD, including the BACHD mice (Menalled et al., 2009) . Studies using two different strains of BACHD mice showed impaired rotarod performance, hypoactivity in the open-field test, and an increased body weight compared with WT from an early age (Gray et al., 2008; Menalled et al., 2009) . To determine whether knocking out caspase-6 protects against health and behavioral deficits, body weight, brain volume, and motor performance were measured in BACHD and BACHD Casp6 Ϫ/Ϫ animals. BACHD Casp6 ϩ/Ϫ mice were included to study the effects of gene dosage.
Body weight
To determine whether there were changes in body weight, mice were weighed weekly up to 51 weeks of age. The body weight of the BACHD mice examined in this study was comparable with previous findings (Gray et al., 2008; Menalled et al., 2009) . BACHD Casp6 Ϫ/Ϫ weighed significantly less than BACHD mice at 16 weeks and from 19 to 40 and from 42 to 45 weeks of age ( Fig. 7A ; caspase-6 knock-out genotype by age interaction, F (80,915) ϭ 1.51, p Ͻ 0.01; caspase-6 knock-out genotype main effect, F (2,23) ϭ 4.44, p Ͻ 0.05; age main effect, F (40,915) ϭ 11.53, p Ͻ 0.0001; simple main effects, values of p Ͻ 0.05). BACHD Casp6 Ϫ/Ϫ were also found to be significantly smaller than BACHD Casp6 ϩ/Ϫ at 51 weeks of age (values of p Ͻ 0.05), and BACHD Casp6 ϩ/Ϫ were significantly smaller than BACHD mice from 48 to 51 weeks of age (values of p Ͻ 0.05) (Fig. 7A) .
Rotarod and open-field test
Next, we evaluated the motor performance of the BACHD relative to BACHD Casp6 Ϫ/Ϫ mice at 16, 20, 24, 37, and 51 weeks of age using conditions previously published (Menalled et al., 2009) . The performance of the BACHD mice examined in this study is comparable with previous findings (Gray et al., 2008; Menalled et al., 2009) . BACHD mice show rotarod deficits as early as 16 weeks of age, and the deficit is progressive with age. As shown in Figure 7B , knock-out of caspase-6 resulted in only a modest improvement in rotarod performance with both BACHD Casp6 Ϫ/Ϫ and BACHD Casp6 ϩ/Ϫ showing an increase in latency to fall relative to BACHD mice at all time points tested (caspase-6 knock-out genotype main effect, F (2,23) ϭ 7.40, p Ͻ 0.01; age main effect, F (4,92) ϭ 12.02, p Ͻ 0.0001; caspase-6 knock-out genotype by age interaction, F (8,92) ϭ 0.89, p ϭ 0.5253). Behavior in the open field was also assessed at 16, 20, 24, 37, and 51 weeks of age. When the total locomotion, locomotion in the center of the open field, rearing rate in the center, total rearing frequency, and average velocity were evaluated, no behavioral rescue was observed in the BACHD Casp6 Ϫ/Ϫ mice relative to BACHD in any of the aforementioned test parameters (data not shown). were performed. While BACHD mice had smaller whole-brain volume than WT at 16 months of age, they had a smaller striatal volume at 6, 12, and 16 months of age (Fig.  7C,E) . In contrast, there were no differences in cerebellar volume between BACHD and WT mice at any age (data not shown). When BACHD, BACHD Casp6 ϩ/Ϫ , and BACHD Casp6 Ϫ/Ϫ whole-brain and striatal volumes were compared at 13 months of age, no significant differences were observed (Fig. 7D,F) . This suggests that knock-out of caspase-6 does not have a profound effect on brain neuropathology.
MRI analysis of WT, BACHD, and BACHD Casp6
Analysis of potential mHtt clearance pathways in BACHD Casp6
Ϫ/Ϫ mice Given the observation that Htt levels are altered in the BACHD Casp6 Ϫ/Ϫ mice, we decided to evaluate known pathways involved in cleaving Htt or clearing the protein. It is well established for a number of caspase knock-out mice that compensatory upregulation and activation of other family members can contribute to the lack of phenotype in these models (Zheng et al., 2000; MacFarlane, 2001 ). To explore the potential compensatory pathways in the Casp6 Ϫ/Ϫ mice, we evaluated the expression of caspase-2, caspase-3, caspase-7, caspase-8, caspase-9, and caspase-12. We did not detect any measurable changes in the striatum, but did detect a significant increase in procaspase-3 in the BACHD Casp6 Ϫ/Ϫ cortex when compared with BACHD cortex (Fig. 8 ; data not shown). We subsequently looked at cleaved caspase-2, caspase-3, caspase-7, and caspase-9 levels in both the striatum and cortex and did not observe any significant differences (data not shown). DEVD (caspase-3/7 substrate), VEID (caspase-3/6 substrate), and IETD (caspase-3/6/ 8/10 substrate) substrate cleavage in cortical and striatal lysates also was not significantly different (data not shown). These results suggest it is unlikely that the clearance of Htt observed in BACHD Casp6 Ϫ/Ϫ is due to activation of other caspase family members. To investigate other possible mechanisms responsible for the reduction in soluble mHtt and aggregates in the BACHD Casp6 Ϫ/Ϫ mice, we measured the expression of LC3 and p62, proteins known to be involved in macroautophagy, as well as the acetylated form of Htt at Lys-444, which has been recently shown to target mHtt to the autophagosome (Jeong et al., 2009 ). In addition, we analyzed protein ubiquitination, which is involved in the ubiquitin proteasome system (UPS) clearance pathway.
We found that the LC3 levels are increased and localization is more concentrated to the cortical neuropil in BACHD Casp6 Ϫ/Ϫ when compared with BACHD and WT mice (Fig. 9 A, B) . p62 levels were evaluated and may be decreased in BACHD Casp6 Ϫ/Ϫ cortex relative to BACHD (Fig. 9C ) (2.2-fold decrease; n ϭ 3-5; t test, p ϭ 0.055). Since clearance of Htt has been shown to be regulated by acetylation at K444 in Htt (Jeong et al., 2009 ) and is critical for autophagy-regulated clearance mechanisms, we used double immunofluorescence of 13-month-old BAC Casp6
Ϫ/Ϫ cortex to show a cytosolic colocalization of acetylated Htt and p62 (Fig. 9D) .
Ubiquitinated proteins often build up in HD mouse models, and so, given the enhanced clearance of the Htt protein in the BACHD Casp6 Ϫ/Ϫ mice, we analyzed ubiquitin and Htt distribution in the cortex of BAC Casp6 Ϫ/Ϫ mice. We observed an overall decrease in ubiquitin staining in BAC Casp6 Ϫ/Ϫ mice (Fig. 10 A) and redistribution of ubiquitin staining from the nucleus in the BACHD mice to perinuclear localization in the BACHD Casp6 Ϫ/Ϫ mice (Fig. 10 B) . We also observed an increased colocalization of Htt with ubiquitin in the BACHD Casp6 Ϫ/Ϫ when compared with BACHD mice (Fig. 10C ).
Discussion
HD is caused by a mutation encoding a polyglutamine expansion at the N terminus of Htt protein. It has been postulated that proteolytic processing of Htt leads to toxic fragments that drive disease progression, so the enzymes involved are potential therapeutic targets for HD. Previously, mice expressing mHtt that is not cleaved by caspase-6 but is cleaved by caspase-3 were shown to have normal neuronal function and were not susceptible to neurodegeneration (Graham et al., 2006) . We therefore investigated whether the putative protease responsible for cleavage of Htt at Asp-586 was disease modifying in vivo. Specifically, we crossed BACHD mice with Casp6 Ϫ/Ϫ mice. Caspase-6 was suggested to be the key protease that cleaves Htt at amino acid 586 (Graham et al., 2006) , and so a homozygous caspase-6 knock-out would be predicted to eliminate production of this Htt fragment. While we found that knocking out caspase-6 reduced expanded full-length Htt levels and overall Htt fragment levels, surprisingly it did not eliminate production of the amino acid 586 Htt cleavage product. Interestingly, the YAC128 C6R mouse that showed full neurological rescue (Graham et al., 2006) was mutated at both the amino acid 586 and amino acid 589 sites, suggesting that either cleavage site may be involved in the phenotypic rescue. Alternatively, like the secretase pathways in which mutation of the amyloid precursor protein site changes activity of the secretases, the rescue of YAC128 C6R could be due to altered protease activity (Golde et al., 2011) . Analysis of a conditional caspase-6 knock-out crossed to a HD mouse models is required to eliminate the possibility of compensatory pathways explaining our results. Further experiments will need to be conducted to confirm the cleavage site and key protease involved in Htt fragmentation.
No HD-like phenotypic abnormalities have been reported in the YAC128C6R mouse model (Graham et al., 2006) in which a YAC128 mHtt transgene harboring the caspase-6 motif mutations (amino acid 586 and amino acid 589) was introduced into the mouse by transgenesis. Given the hypothesis that absence of caspase-6 cleavage at the mutated site in the YAC128 Htt protein leads to mice lacking an HD phenotype, we sought to independently investigate the effects of caspase-6 ablation on the general health, motor, and MRI phenotypes of the BACHD mouse model. BACHD Casp6 Ϫ/Ϫ mice showed significant improvement in rotarod motor performance compared with BACHD mice. The reduction in both soluble and insoluble mHtt aggregates may be responsible for this motor improvement, since reduction in expanded Htt levels has been shown to have a protective effect in HD (Ravikumar et al., 2002 (Ravikumar et al., , 2004 Sánchez et al., 2003) . However, it should be noted that recent studies show that body weight can in part modulate rotarod performance in the BACHD line (A. E. Kudwa, S. Oakeshott, C. Murphy, R. Ϫ/Ϫ mice is at least partly due to their reduced body weight. Interestingly, the reduced body weight in BACHD Casp6 Ϫ/Ϫ and BACHD Casp6 ϩ/Ϫ animals may be a consequence of the unexpected reduction of full-length expanded Htt since it is known that fulllength Htt levels in YAC128 mice can modulate body weight (Van Raamsdonk et al., 2006) .
We have previously found that body weight also modulates the open-field performance of mice, with smaller mice tending to present higher locomotor and rearing activity (A. E. Kudwa, S. Oakeshott, C. Murphy, R. Mushlin, J. Fitzpatrick, S. Miller, K. McConnell, R. Port, J. Torello, D. Howland, S. Ramboz, D. Brunner, L. Menalled, unpublished results). Consequently, the lack of effects of the caspase-6 knock-out on locomotor and rearing activity exhibited by experimental mice in the open-field task might be considered surprising given that they are significantly smaller than their WT counterparts. It is possible, however, that the knock-out of caspase-6, independent of the BACHD genotype, induces a reduction of locomotor activity that is then masked by weight-related increases in activity; this possibility should be further investigated in the Casp6 Ϫ/Ϫ mouse. Our data do not support a neuroprotective effect of eliminating caspase-6 activity on mHtt-mediated whole-brain and striatal atrophy, as measured in the BACHD mouse. Although these atrophies are modest in the BACHD mice, we have no evidence that caspase-6 knock-out prevents such changes.
A surprising finding of this study is the decrease in expanded full-length mHtt and mHtt fragments. We present preliminary evidence that soluble mHtt lowering and loss of mHtt aggregates may be modulated through enhanced protein clearance pathways in BACHD Casp6 Ϫ/Ϫ mice. Interestingly, it has recently been shown that beclin, p62, and hAtg3-each involved in autophagy-are substrates for caspase-6 cleavage (Norman et al., 2010) . This connection between caspase-6 and protein clearance pathways led us to hypothesize that the Casp6 Ϫ/Ϫ mice might exhibit altered levels of autophagy or UPS activation. Our immunohistochemical analyses of BACHD Casp6 Ϫ/Ϫ brain tissue suggests increased LC3 expression, with a redistribution in cortical neurons, as well as a decrease in p62 is consistent with the hypothesis that caspase-6 may be modulating autophagic clearance of mHtt. Furthermore, in cortical neurons of BACHD Casp6 Ϫ/Ϫ mice, we found evidence for increased association of p62 and K444-acetylated Htt relative to BACHD mice; the latter is a substrate for autophagy-mediated clearance (Jeong et al., 2009 ), and our results suggest it is altered in the homozygote Casp6 Ϫ/Ϫ mice. Further work is required for a detailed understanding of the specific mechanisms engaged in the BACHD Casp6 Ϫ/Ϫ mice that lead to lower levels of soluble mHtt and insoluble inclusion bodies. Autophagy would seem a viable candidate, but our data showing a redistribution of ubiquitin staining and colocalization of Htt and ubiquitin in BAC Casp6 Ϫ/Ϫ mouse brain raises the possibility that the UPS may be involved.
In summary, we show that elimination of caspase-6 protein and activity in the BACHD mouse model does not prevent the production of a 586 aa Htt proteolytic fragment in the brain. These data suggest that generation of this fragment in vivo is not due exclusively to caspase-6 activity and raises serious concerns about pursuing caspase-6 as a therapeutic target for HD in the context of the proteolytic fragment hypothesis. Studies using the HdhQ150 knock-in model (Lin et al., 2001) crossed to the Casp6 Ϫ/Ϫ mice showed no change in the general pattern of Htt fragmentation or level of the Htt586 product, further supporting this conclusion (G. P. Bates, personal communication). Further investigation into cleavage of Htt at the amino acid 586 and amino acid 589 sites is required to verify the key cleavage site, identify the protease responsible, and explore whether protease inhibition is a viable therapeutic strategy. An siRNA screen monitoring Htt586 or Htt589 cleavage levels as the endpoint may be an unbiased way to identify other potential proteases involved in this pathway. Future work directed at dissecting the role of caspase-6 in HD may require the use of conditional knockdown strategies to resolve the contributions of clearance pathways and Htt proteolysis.
